Peptidoglycan (PG) hydrolases associated with bacterial type IV secretion systems (T4SSs) are thought to generate localized lesions in the PG layer to facilitate assembly of the translocation channel. The pheromone-responsive plasmid pCF10 of Enterococcus faecalis encodes a putative cell wall hydrolase, PrgK, and here we report that a prgK deletion abolished functionality of the pCF10-encoded T4SS as monitored by pCF10 conjugative transfer. Expression in trans of wild-type prgK fully complemented this mutation. PrgK has three potential hydrolase motifs resembling staphylococcal LytM, soluble lytic transglycosylase (SLT), and cysteine-, histidine-dependent amidohydrolase/peptidase (CHAP) domains. Complementation analyses with mutant alleles established that PrgK bearing two hydrolase domains in any combination supported near-wild-type plasmid transfer, and PrgK bearing a single hydrolase domain supported at least a low level of transfer in filter matings. When exported to the Escherichia coli periplasm, each domain disrupted cell growth, and combinations of domains additionally induced cell rounding and blebbing and conferred enhanced sensitivity to osmotic shock. Each domain bound PG in vitro, but only the SLT domain exhibited detectable hydrolase activity, as shown by zymographic analyses and release of fluorescent PG fragments. Genes encoding three T4SS-associated, putative hydrolases, Lactococcus lactis CsiA, Tn925 Orf14, and pIP501 TraG, partially complemented the ⌬prgK mutation. Our findings establish that PrgK is an essential component of the pCF10-encoded Prg/Pcf T4SS and that its hydrolase domains coordinate their activities for full PrgK function. PrgK is indispensable for plasmid transfer in liquid matings, suggestive of a role in formation or stabilization of mating junctions.
T he type IV secretion systems (T4SSs) assemble across the bacterial cell envelope to mediate passage of DNA and protein substrates to target cells (1) . These systems comprise the conjugation systems present in most bacterial species and the effector translocator and DNA uptake/release systems thus far identified only in Gram-negative (G Ϫ ) bacteria (2) . Recent structural studies of the Escherichia coli pKM101-encoded T4SS identified a channel subassembly that is likely conserved among most T4SSs elaborated by G Ϫ species. Termed the core complex, this subassembly is configured as a large barrel of 185 Å in width and length that spans both membranes and the periplasm and is thought to serve as a structural scaffold for the translocation channel (3, 4) . The T4SSs of Gram-positive (G ϩ ) bacteria lack such core complexes, but it is reasonable to predict that these systems also employ a multiprotein channel for conveyance of substrates across the thick cell wall (5) .
The low sieving property of peptidoglycan (PG) poses a significant physical barrier to the elaboration of T4SSs as well as other envelope-spanning structures, e.g., flagella, type II and III secretion systems, and type IV pili. Specialized cell wall hydrolases associated with these systems are thought to be important for generating localized lesions in the cell wall early during machine biogenesis (6, 7) . In G Ϫ bacteria, T4SS-associated hydrolases are exported, single-domain enzymes with sequence and structural similarity to the E. coli soluble lytic transglycosylase Slt70 (7) . These enzymes hydrolyze the glycan backbone at the N-acetylmuramic acid-␤-2,4-N-acetylglucosamine (MurNAc-GlcNAc) linkages, resulting in the formation of nonreducing 1,6-anhydromuropeptides on the MurNAc residues (8) . T4SS-associated hydrolases characterized to date include VirB1 subunits encoded by the Agrobacterium tumefaciens VirB/VirD4 and Brucella species VirB systems (9, 10, 11) ; HP0523, encoded by the Helicobacter pylori cag pathogenicity island (PAI) (7, 10) ; LtgX and AtlA, encoded by the Neisseria gonorrhoeae gonococcal island (GGI) (12, 13) ; and P19 and TrbN, encoded by the conjugative plasmids R1 and RP4, respectively (7, 14, 15, 16) . Genes for such hydrolases are typically located at or near the beginning of the polycistronic operons encoding the translocation complexes, consistent with hydrolase functions acting early during machine assembly. In general, T4SSs deleted of a cognate hydrolase exhibit modest reductions in substrate transfer frequencies of only 10-to 100-fold (9, 15, 16) , although Hp0523 was found to be essential for translocation of the CagA effector through the Cag PAI-encoded T4SS (17) . Systems functioning in the absence of a cognate hydrolase might recruit a heterologous hydrolase, or machine assembly might proceed during periods of active cell growth and PG remodeling (7) .
Previously, we reported that the T4SS-associated hydrolases in G ϩ bacteria can be classified into two dominant subfamilies (5) . One, exemplified by CwlT, which is encoded by Bacillus subtilis integrative conjugative element Bs1 (ICEBs1), ranges in size from 320 to 375 residues and possesses an N-proximal transmembrane (TM) domain and a C-terminal extracytoplasmic region with two potential hydrolase domains (18) . Here, we designate protein names with a subscript identifying the encoding mobile element. CwlT ICEBs1 possesses a C-terminal CHAP (cysteine-, histidine-dependent amidohydrolase/peptidase) domain with DL-endopepti-dase activity and an N-terminal domain structurally similar to lytic transglycosylases but with N-acetylmuramidase activity (18) . Other members of this two-domain hydrolase family include Clostridium perfringens TcpG pCW3 (19) , Streptococcus agalactiae TraG pIP501 (20) , Enterococcus faecium Orf0032 pLG1 (21) , and Orf14, encoded by Tn916/Tn925 ICEs (22, 23) . These proteins carry CHAP domains with a predicted endopeptidase or amidase activity and SLT-or FlgJ-like domains with predicted glycosylase or muramidase activities (see Fig. S1 in the supplemental material).
The second hydrolase subfamily includes the subject of this study, Enterococcus faecalis PrgK, encoded by the pheromone-responsive plasmid pCF10 (24) . Other members include CsiA, encoded by a 60-kb ICE, termed the sex factor, carried by Lactococcus lactis strain MG1363, and VirB1, encoded by the 89K PAI of Streptococcus suis strain 05ZYH33 (see Fig. S1 in the supplemental material). These proteins are much larger (Ͼ870 residues) than the two-domain hydrolases and carry predicted TM domains within the first third of the protein. CsiA ICELlMG1363 was reported to have a C-terminal CHAP domain, but deletion of this domain did not abolish hydrolase activity (25) . Deletion of another motif, an 89-residue sequence termed the highly conserved domain (HCD), abolished transfer of the sex factor, and mutation of a conserved arginine in this motif also abolished a cell lysis phenotype accompanying protein overexpression. CsiA ICELlMG1363 also was reported to bind D-Ala-D-Ala analogues and inhibit the action of penicillin binding proteins (PBPs). These findings led to a proposal that CsiA ICELlMG1363 functions as a cell wall synthesis inhibitor to enable localized assembly of the T4SS translocation complex (25) .
Here, we extend the characterization of the novel PrgK/CsiA/ VirB1 subfamily of hydrolases associated with G ϩ bacterial T4SSs. We report that PrgK and its homologs in fact possess three putative hydrolase domains whose sequences or structures are most closely related to staphylococcus LytM, the N-terminal domain of bacteriophage 29 tail protein gp13, "goose-type" soluble lytic transglycosylase (here termed the SLT domain), and CHAP motifs ( Fig. 1 ; also see Fig. S2 in the supplemental material). The SLT domain encompasses the previously identified HCD of CsiA (see Fig. S1 ). We demonstrate that PrgK is required for conjugative transfer of pCF10, and we define contributions of individual and combined hydrolase domains to PrgK function in E. faecalis and E. coli cells. In vitro studies showed that each domain binds PG, while the SLT domain also hydrolyzes PG. Intriguingly, genes encoding CsiA ICELlMG1363 , TraG pIP501 , and Orf14 Tn925 partially complemented a ⌬prgK mutation in specific mating conditions. Together, our findings establish that PrgK is an essential component of the Prg/Pcf T4SS, but also that a striking array of PrgK derivatives and heterologous hydrolases support assembly of partially or fully functional translocation channels.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains, plasmids, and oligonucleotides used in this studies are listed in Table 1 . E. coli DH5␣ and EC1000, a strain that produces the pWV01 RepA protein (26) , were used as hosts for plasmid constructions. E. coli strains were cultured in Luria broth (LB) or brain heart infusion broth (BHI; Difco Laboratories) at 37°C with shaking. E. faecalis strains were cultured in BHI at 37°C without shaking. E. faecalis strains were grown in the presence of the following antibiotics as needed: erythromycin (100 g/ml final concentration for plasmid markers, 10 g/ml for chromosomal markers), fusidic acid (25 g/ml), rifampin (200 g/ml), spectinomycin (1,000 g/ml for plasmid markers, 250 g/ml for chromosomal markers), streptomycin (1,000 g/ ml), and tetracycline (10 g/ml). E. coli strains were cultured with the following antibiotics as needed: carbenicillin (50 g/ml), chloramphenicol (20 g/ml), erythromycin (100 g/ml), kanamycin (50 g/ml), and spectinomycin (50 g/ml). All antibiotics were obtained from Sigma Chemical Co.
Construction of pCF10⌬prgK. prgK was deleted from pCF10 as follows. A 568-bp region immediately 5= of prgK (upstream fragment) was amplified with the primer pair prgKNO1/prgKNO2. A 584-bp region immediately 3= of prgK (downstream fragment) was amplified with the primer pair prgKNO3/prgKNO4. The two fragments were cloned sequentially into pCJK47 using the primer-added XbaI/BamHI (upstream fragment) and BamHI/NcoI (downstream fragment) restriction sites, resulting in pJGP2. pJGP2 was used to delete prgK from pCF10 by marker exchange (27) to obtain plasmid pCF10⌬prgK.
Construction of prgK alleles for expression in E. faecalis. Wild-type prgK and prgK mutant alleles were cloned into pMSP3545 or pMSP3545S for expression from the nisin-inducible promoter, P nis , in E. faecalis (28) . Plasmid pJL1 expressing wild-type prgK was constructed by PCR amplification of prgK with the primer pair F-NcoI-prgK and R-prgK-XhoI and pCF10 as a template. The PCR product was introduced into NcoI/XhoIdigested pPC914KSNcoI, and then a kanamycin resistance (Kan r ) cassette was excised from pUI188 with SalI digestion and cloned into XhoI-digested pPC914-prgK. A prgK-Kan r fragment was isolated by digestion with KpnI and blunt ending with Klenow followed by digestion with NcoI; this fragment was introduced into NcoI and blunt-ended SphI sites of pMSP3545. prgK alleles encoding PrgK with amino acid substitution E573A, C766A/H828A, or E573A/C766A/H822A were expressed from plasmids pJL2, pJL4, or pJL6, respectively. These prgK alleles were amplified by overlapping PCR as follows. The 5= fragment was amplified using F-prgK-NcoI and a reverse internal primer containing a codon change (R-E573A, R-C766A, or R-H828A); the 3= fragment was amplified with a forward internal primer containing a codon change (F-E573A, F-C766A, or F-H828A) and R-prgK-XbaI-XhoI. The 5= and 3= fragments were used as templates for overlapping PCR using primers F-prgK-NcoI and RprgK-XbaI-XhoI. For construction of the double or triple substitution mutants, templates were used that already contained one or two codon substitutions. The amplified prgK alleles were cloned into pMSP3545S digested with NcoI-XbaI. prgK deleted of coding sequences for the LytM, SLT, CHAP, or both CHAP and SLT domains were expressed from plasmid pJL28, pJL3, pJL5, or pJL7, respectively, which were constructed as described below. To generate prgK⌬LytM, fragments 5= or 3= of the LytM coding region were PCR amplified using primers F-prgK-NcoI and RprgK-LytM-del or F-prgK-LytM-del and R-prgK-XbaI-XhoI, respectively. The 5= and 3= fragments were used as templates for overlapping PCR using primers F-Nco-prgK and R-prgK-XbaI-XhoI. To generate prgK⌬SLT, fragments 5= or 3= of the SLT domain were PCR amplified using primers F-prgK-NcoI and R-prgK-SLT-del or F-prgK-SLT-del and R-prgK-XbaI-XhoI, respectively. The 5= and 3= fragments were used as templates for overlapping PCR using primers F-Nco-prgK and R-prgKXbaI-XhoI. prgK⌬CHAP was generated by PCR with primers F-prgKNcoI and R-prgK-CHAPdel. prgK⌬SLT/⌬CHAP was generated by PCR with primers F-prgK-NcoI and R-prgK-C=-del. The prgK⌬LytM, prgK⌬SLT, prgK⌬CHAP, and prgK⌬SLT/⌬CHAP fragments were cloned as NcoI/XbaI-digested fragments into pMSP3545S. Plasmid pJL35, carrying prgK⌬2-170 lacking the N-terminal 170 amino acids, was generated by PCR amplification using F-prgK-Nterm-del-NcoI and R-prgK-XhoIXbaI and cloning the amplified region into NcoI/XbaI-digested pMSP3545S. Plasmid pJL29, expressing 3ϫFLAG-prgK, was constructed by PCR amplification of prgK with primers F-Nde-prgK and R-prgK-XbaI-XhoI and introduction of the NdeI-and XhoI-digested fragment downstream of a 3ϫ FLAG sequence carried in a pBluescript plasmid. The 3ϫFLAG-prgK allele was then introduced as an Nco/KpnI fragment into similarly digested pMSP3545 to generate pJL29. Plasmids pJL30 (3ϫFLAG-prgK E573 ), pJL32 (3ϫFLAG-prgK-LytM), and pJL34 (3ϫFLAG-prgK⌬2-170) were generated by PCR (or overlapping PCR) using pJL29 as a template and primers listed in Table 1 . Plasmids pJL31 (prgK-CHAP) and pJL33 (prgK-SLT) were generated by overlapping PCR with pJL1 as the template and primers listed in Table 1 . Plasmid pJL36, expressing 3ϫFLAG-prgK E573A/C766A/H828A , was generated by PCR with pJL6 as the template and primers listed in Table 1 . The hydrolase genes csiA ICELlMG1363 , orf14 Tn925 , and traG pIP501 were PCR amplified using primers F-csiA/R-csiA, F-orf14/R-orf14, and F-traG/R-traG, respectively, and cloned as NcoI/XbaI fragments into similarly digested pMSP3545S to generate plasmids pJL25, pJL26, and pJL27.
Construction of plasmids for delivery of hydrolase domains to the E. coli periplasm. prgK sequences encoding one or more of the putative hydrolase domains were cloned into pASK-IBA4 in-frame downstream of the coding sequence for the OmpA signal sequence for delivery of the domains to the periplasm of E. coli. The entire extracytoplasmic (EC) region of PrgK (residues 269 to 871) as well as the LytM (residues 322 to 528), SLT (residues 532 to 720), and CHAP (residues 720 to 871) domains were cloned into pASK-IBA4 to generate pJL13, pJL8, pJL9, and pJL11, respectively. Likewise, regions encoding the domain pairs LytM/SLT (residues 322 to 720) and CHAP/SLT (residues 532 to 871) were cloned into pASK-IBA4 to generate pJL14 and pJL15, respectively. The catalytic-site mutants SLT E573A , CHAP C766A/H828A , EC E573A , EC C766A/H828A , and EC E573AC766A/H828A were cloned into pASK-IBA4 to generate pJL10, pJL12, pJL16, pJL17, and pJL18, respectively. PCR products were generated using pJL1 as a template and the primers F-LytM/R-LytM, F-SLT/R-SLT, F-CHAP/R-CHAP, F-EC/R-CHAP, F-LytM/R-SLT, and F-SLT/R-CHAP (Table 1) to amplify the regions of prgK encoding LytM, SLT, CHAP, EC, LytM/SLT, and SLT/CHAP, respectively. The same primers were used to amplify regions encoding prgK domains bearing catalyticsite mutations using pJL2, pJL4, or pJL6 as the template. The amplified regions were digested with NheI and XhoI, and the resulting fragments were introduced into similarly digested pASK-IBA4 to generate the vectors pJL10 through pJL19 ( Table 1) .
Construction of plasmids for enrichments of prgK domains. Fragments encoding the PrgK domains and EC region were cloned into 
Cloning pET28b(ϩ) for expression and subsequent enrichments. Cloning of sequences encoding the EC region and the LytM, SLT, and CHAP domains resulted in plasmids pJL24, pJL19, pJL20, and pJL22. Cloning of sequences encoding the catalytic site variants SLT E573A and CHAP C766A/H828A resulted in plasmids pJL21 and pJL23. The domains were PCR amplified using primers and templates described above for pASK-IBA4 cloning, and the PCR products were introduced as NheIXhoI fragments into similarly digested pET28b(ϩ). The resulting plasmids were introduced into E. coli BL21(DE3) for production and subsequent enrichments by metal affinity chromatography (IMAC) of the N-terminally His-tagged domains. Conjugation assays. E. faecalis donor and recipient cultures grown overnight were diluted 1:10 in fresh BHI and incubated at 37°C for 1 h. Because our initial studies with the P nis promoter supplied evidence for gene expression at similar levels in the absence and presence of nisin, except where noted, strains with alleles expressed from P nis were not induced with nisin. Donor and recipient cells were mixed at a ratio of 1:10 and allowed to mate for 2 h at 37°C on filters or in liquid. Serial dilutions of the mating mixtures were plated on selective BHI agar plates to obtain CFU of transconjugants and donors. Experiments were repeated at least three times in triplicate, and plasmid transfer frequencies of a representative experiment were expressed as transconjugants per donor with standard deviations indicated (29) .
In vivo lysis during growth. E. coli strains induced for synthesis of exported forms of the PrgK hydrolase domains were assayed for growth suppression and cell lysis as follows. Overnight cultures were inoculated into fresh LB media to a final optical density at 600 nm (OD 600 ) of 0.2. Cultures (3 ml) were incubated for 3 h at 37°C with shaking, followed by addition of anhydrotetracycline (AHT; 200 ng/ml final concentration) to induce expression of the ompAss-prgK= alleles from the P tet promoter carried on pABI-ASK4. Fifty microliters of the cultures was added to wells of a 96-well plate containing 50 l of fresh LB medium with or without AHT. Cell growth was monitored for 6 to 12 h with OD 600 measurements taken at 20-min intervals with a Biotek synergy mix microplate reader and Gen5 1.09 software.
Effects of exported PrgK domains on E. coli cell shape. Morphologies of E. coli cells producing exported forms of the PrgK domains were examined by differential interference contrast (DIC) microscopy. Cells were cultured as described above and induced for 30 min with AHT (200 ng/ ml), and then 10 l of cell cultures was added to the same volume of 2% low-melting-temperature agarose (Fisher) in LB on a glass slide and covered with a coverslip. Cells were visualized with an Olympus BX60 micro- Osmotic shock-induced cell lysis. Osmotic shock-induced lysis of cells producing exported forms of the PrgK domains was assessed as follows. Cells were cultured as described above and induced for 1 h with AHT (200 ng/ml). Aliquots (1 ml) of the cell cultures were pelleted by centrifugation, and cell pellets were resuspended in 200 l of phosphate-buffered saline (PBS). Twenty l of the resuspended cells then was added to 80 l of PBS or water, and cell lysis was assessed after 1 h by comparing OD 600 values with PBS to those with H 2 O using the equation 1 Ϫ (OD 600 H 2 O/ OD 600 PBS) ϫ 100 to yield percent lysis.
Enrichment of PrgK domains. The native or mutant LytM, SLT, or CHAP domain as well as the EC region were enriched from E. coli BL21(DE3) cells by IMAC using Talon cobalt resin (Clontech) and a batch/gravity flow column protocol (30) . In brief, 1-liter cultures were grown to an OD 600 of 0.4 and induced with isopropyl-␤-D-thiogalactopyranoside (IPTG; 0.5 mM final concentration) for 2 h at 37°C. Cell pellets were collected and resuspended in 5 ml equilibration buffer (50 mM NaPO 4 , pH 7.0, 300 mM NaCl, 10 mM imidazole) with protease inhibitors (Complete EDTA free; Roche), and the cells were disrupted with a French press. Lysates were cleared by centrifugation at 12,000 ϫ g for 20 min at 4°C. The clarified suspension (5 ml) was incubated with 1 ml of Talon resin suspension (500-l bed volume) with gentle shaking at 4°C for 30 min. The suspension was then transferred to a disposable column (poly-prep chromatography columns; Bio-Rad), and the resin was washed extensively with equilibration buffer. Bound protein was eluted with elution buffer (50 mM NaPO 4 , pH 7.0, 300 mM NaCl, 150 mM imidazole) in 500-l fractions. The protein samples were analyzed by Coomassie blue-stained SDS-polyacrylamide gels, and the presence of the proteins of interest was confirmed by Western transfer and immunostaining of blots with anti-His antibodies as previously described (29) . Protein concentrations were measured using a Bio-Rad protein assay based on the Bradford colorimetric determination (31) .
Peptidoglycan binding assay. The His-tagged PrgK domains or Histagged PcfC⌬N103 (negative control) (29) was dialyzed in binding buffer (0.1 M NaPO 4 , 0.1 M NaCl, pH 7.5), and Micrococcus luteus PG (Sigma) was resuspended in the same buffer. Fractions with the domains (20 g total protein) next were incubated with purified PG (20 g) in 50-l reaction volumes for 30 min at 37°C. The mixtures were then centrifuged for 5 min at 16,000 ϫ g to pellet the PG and PG-bound proteins. Supernatant fractions containing unbound proteins were removed, and the PG pellets were washed twice with 500 l PBS to remove loosely adherent proteins and then resuspended in 50 l of PBS (32) . The supernatant and PG fractions were boiled in 50 l of 2ϫ Laemmli's buffer and then subjected to SDS-PAGE, western transfer, and immunostaining with anti-His antibodies for detection of the His-tagged PrgK domains or HisPcfC⌬N103 (29) .
In vitro hydrolase assays. Fractions containing the His-tagged PrgK domains (20 g total protein) were electrophoresed through 12.5% SDS-PAGE gels containing 1% (wt/vol) lyophilized/heat-boiled M. luteus cells (Sigma) (33, 34) . The gels were washed for 1 h in distilled H 2 O at room temperature with gentle shaking and then transferred to renaturation buffer (25 mM Tris-HCl, pH 7.5, 0.5% Triton X-100). The gels were incubated for 16 h at 37°C with gentle shaking. The gels were then stained with stain solution (1% methylene blue, 0.01% KOH) at room temperature for 1 h and destained first with A lysozyme assay kit, EnzChek (Molecular Probes), was used to measure levels of lysozyme activities of PrgK domains (36) . Lysozyme activity is proportional to fluorescence release from fluorescently labeled Micrococcus lysodeikticus cell walls. Briefly, 2.5-, 5-, 10-, and 20-g aliquots of each PrgK domain were mixed with 50 l of lysozyme substrate (50 g/ ml) in a final volume of 100 l in reaction buffer (50 ml of 0.1 M NaPO 4 , 0.1 M NaCl, pH 7.5, 2 mM NaN 3 ). A standard curve was prepared with lysozyme over a range of 0 to 500 U/ml. The reaction mixtures were placed in black 96-well microtiter plates (Greiner Bio-One) and incubated, protected from light, for 2 h at 37°C. Fluorescence intensity was measured at excitation/emission wavelengths of 485/530 nm using a Biotek synergy mix microplate reader and Gen5 1.09 software. One unit is defined as the amount of enzyme required to produce a change in the absorbance at 450 nm of 0.01 U per min at pH 6.25 and 25°C, using a suspension of M. lysodeikticus as a substrate.
Protein structure analysis. Protein sequence similarity was analyzed using NCBI BLAST. Identification of the putative PrgK hydrolase domains was achieved with the Phyre 2 structural modeling algorithm (37) . Comparison of similar domains and conserved residues was done by visual inspection of sequences and alignments. Transmembrane domains were identified with the SMART algorithm (38, 39) , and Signal peptides were determined by the SignalP program (40) .
RESULTS

Domain architecture of PrgK.
PrgK is predicted to span the cytoplasmic membrane such that the bulk of the protein (residues 269 to 871) is extracytoplasmic (EC). The N-terminal cytoplasmic domain (residues 1 to 246) is almost entirely ␣-helical in secondary structure, and structural modeling did not reveal insights into its function (see Fig. S1A and S2 in the supplemental material). In contrast, the modeling studies established that the EC region has three potential hydrolase domains ( Fig. 1A ; also see Fig. S1A and S2). The N-proximal domain (residues 322 to 528) has a structure closely similar (16% identity, 100.0% confidence) to that of Staphylococcus aureus LytM (Phyre2 fold library code d1qwya), a metalloendopeptidase of the M23 family (41, 42, 43) . The central domain (residues 532 to 720) has a structure similar (29% identity, 100.0% confidence) to that of the N terminus of bacteriophage ⌽29 tail protein gp13 (code c3csqC) and C-type goose lysozyme (20% similarity, 92.1% confidence; code d1iiza) (44) . The C-terminal domain (residues 720 to 871) has a structure similar (34% identity, 100% confidence) to that of the CHAP/NlpC-P60 hydrolase domain of Streptococcus saprophyticus SSP0609 (code c2k3aA) (45, 46) (Fig. 1A) . All three domains, designated LytM, SLT, and CHAP, also have predicted secondary structures similar to their structural templates (see Fig. S2 ), and the SLT and CHAP domains have conserved catalytic site residues, E573 and Cys766/ His828, respectively (Fig. 1A) . The LytM domain appears to be degenerate, as it lacks the His and Asp residues in two conserved motifs, HX 3 D and HxH, that coordinate metal (Zn 2ϩ ) binding in the catalytic sites of active M23 metalloproteases (41) .
PrgK is essential for pCF10 conjugative transfer. Donor cells failed to transfer the pCF10⌬prgK mutant plasmid at detectable levels in 2-h filter or broth matings or in overnight matings (Fig.  1B and data not shown) . The ⌬prgK mutation was fully complemented by trans-expression of wild-type prgK, as shown by restoration of plasmid transfer to near-wild-type levels (Fig. 1B) , establishing that synthesis of the putative hydrolase is essential for assembly of a functional pCF10-encoded T4SS.
We evaluated the importance of the predicted hydrolase domains for protein function by constructing plasmids expressing prgK alleles (i) with coding capacity for only one or two (in any combination) of the hydrolase domains, (ii) bearing alanine codon substitutions of catalytic site residues in the SLT and/or CHAP domains, and (iii) lacking coding sequence for the first 170 residues of the predicted cytoplasmic domain. Strikingly, results of mating assays with OG1RF(pCF10⌬prgK) donors expressing the prgK variants established that nearly all of the PrgK mutant proteins retained at least some activity. As shown in Fig. 1B Tc's/D) (Fig. 1B) . Finally, we sought to determine whether the N-terminal cytoplasmic domain of PrgK contributes to channel assembly or activity. Interestingly, the PrgK⌬2-170 mutant supported plasmid transfer in filter matings, albeit at low frequencies (10 Ϫ5 to 10 Ϫ6 Tc's/D) (Fig. 1B) . To evaluate whether PrgK derivatives with attenuated function were stably produced, we fused a 3ϫ FLAG tag to the N termini of native PrgK and several of the mutant proteins. Addition of the 3ϫ FLAG tag did not alter the functionality of the native protein, as shown by near-wild-type plasmid transfer by cells producing the tagged protein (Fig. 1C) . Addition of the 3ϫ FLAG tag also did not affect functionality of the PrgK E573A or PrgK E573A,C766A,H822A variant (Fig. 1C) . Strikingly, however, addition of the tag to PrgK⌬2-170 and PrgK-LytM conferred enhanced plasmid transfer compared to that of the untagged proteins (Fig. 1B and C) . Cells producing 3ϫ FLAG-PrgK⌬2-170 transferred the plasmid at levels similar to those of cells producing the native protein in both filter and broth matings. Cells producing 3ϫ FLAG-PrgK-LytM transferred the plasmid at low but detectable levels (ϳ10
Ϫ6
Tc's/D) in filter matings. Unfortunately, despite repeated efforts, we were unable to detect 3ϫ FLAG-PrgK or any of the tagged mutant proteins in whole-cell extracts or enriched membrane or cell wall fractions obtained from uninduced or nisin-and/or pheromone-induced cells by Western blot analyses (data not shown). While the reason for the lack of immunological detection remains unclear, results of the mating assays nevertheless suggest that the 3ϫ FLAG tag enhances the stabilities or activities of the ⌬2-170 and PrgK-LytM mutant proteins.
Export of PrgK domains to the E. coli periplasm suppresses cell growth. To gain further evidence for in vivo biological activity of the PrgK domains, we engineered E. coli strains to export native and catalytic-site mutant domains to the periplasm. In the absence of induction from the P tet promoter, E. coli strains displayed no discernible change in growth (see Fig. S3 in the supplemental material), but upon AHT induction, all strains were strongly suppressed for growth ( Fig. 2A) . Export of the SLT domain even resulted in a slight but reproducible reduction in OD 600 values within 20 to 40 min postinduction, suggestive of cell lysis. Export of the SLT E573A and CHAP C766A/H828A mutant domains also caused a rapid cessation of cell growth/division ( Fig. 2A) , which could be due to PG-binding activities of these variants (see below). As expected, we also detected a rapid suppression of cell growth in cells induced for export of the entire EC region (Fig. 2A, lower  right) . Due to the leakiness of the P tet promoter, uninduced cells exported levels of the EC region sufficient to perturb growth (see Fig. S3 ), but AHT induction rapidly blocked growth and caused apparent cell lysis, as evidenced by an initial decrease in OD 600 values. Cells induced for export of the EC E573A/C766A/H828A variant also displayed a rapid arrest in cell growth/division but without accompanying cell lysis (Fig. 2A) .
As anticipated from the growth curves, cells producing the putative hydrolase domains displayed aberrant morphologies compared to the vector-only cells (Fig. 2B) . Cells producing the individual domains maintained the rod shape but appeared slightly enlarged and had rough surfaces. In striking contrast, cells producing the EC region were exclusively rounded and enlarged with membrane blebs, suggestive of extensive PG degradation. The EC E573A/C766A/H828A variant with catalytic-site mutations in the SLT and CHAP domains showed no visible alteration in cell shape compared to the vector-only cells (Fig. 2B) .
Cells exporting the EC region to the periplasm also were more sensitive to treatment with 1% SDS (data not shown) and lysis upon exposure to H 2 O than cells producing the EC E573A/C766A/H828A variant or the vector-only cells (Fig. 2C) . Cells exporting the native or catalytic-site mutant forms of the CHAP domain exhibited enhanced lysis in H 2 O, albeit not to the extent observed with cells exporting the EC region. In contrast, the LytM domain or native or mutant SLT domain did not induce cell lysis upon hypoosmotic shock (Fig. 2C) .
Export of multiple PrgK domains results in extensive PG degradation. We next explored the phenotypic consequences accompanying export of different combinations of PrgK domains to the E. coli periplasm. Without induction, cells cosynthesizing LytM/SLT or SLT/CHAP domain pairs displayed near-wild-type growth (see Fig. S3 in the supplemental material) and were rod shaped (data not shown). Induction of both cell types resulted in a rapid suppression of growth (Fig. 3A) , cell rounding (Fig. 3B) , and enhanced sensitivity to lysis in H 2 O (Fig. 3C) . Interestingly, cells exporting both domain pairs were pleiomorphic, with shapes including enlarged rods and round cells as well as unusual square-or rectangular-shaped cells that, to our knowledge, have not been reported previously (Fig. 3B) .
Cells exporting the EC C766A/H828A variant with CHAP catalyticsite mutations exhibited phenotypes resembling those of cells exporting the unmutated EC region, including growth suppression (Fig. 3A) , rounding and blebbing (Fig. 3B) , and hypoosmotic sensitivity (Fig. 3C) . In contrast, cells exporting the EC E573A variant with the SLT catalytic site mutation showed less severe growth suppression, grew as enlarged rods, and were less sensitive to lysis in H 2 O (Fig. 3A, B, and C) .
Taken together, our studies with E. coli established, first, that each putative hydrolase domain disrupts PG modeling with consequences of complete suppression of cell growth and division. Second, cosynthesis of domain pairs (LytM/SLT or SLT/CHAP) or all three domains (EC region) resulted in extensive PG degradation, as evidenced by disruption of cell shape, membrane blebbing, and enhanced lysis upon hypoosmotic shock. Third, the SLT domain is important for the catalytic activity of PrgK in vivo, as deduced from the observed effects on cell shape and hypoosmotic sensitivity accruing from export of the EC region versus the EC E573A variant.
The SLT domain hydrolyzes peptidoglycan in vitro. We assayed for hydrolase activity in vitro by engineering E. coli cells to overproduce cytoplasmically localized, His-tagged forms of the PrgK domains for subsequent enrichment by IMAC. These strains did not display growth defects, and by IMAC we obtained highly enriched forms of the native and mutant forms of the SLT and CHAP domains but not the LytM domain or EC region (Fig. 4A,  lower) . The latter domains were detectable in the eluates from the Talon resin by immunostaining with anti-His antibodies (see below), yet levels of both fragments were low compared to those for SLT and CHAP domains, and the eluates also contained numerous other protein species (Fig. 4A, lower) . We were unsuccessful in our efforts to further enrich the LytM domain and EC region by repeated rounds of IMAC followed by gel filtration, possibly because of extensive degradation of both fragments (data not shown).
We subjected the IMAC-enriched PrgK domains to zymographic analyses using SDS-polyacrylamide gels containing PG from M. luteus cells. In these gels, PG-hydrolytic activity is detectable as a clear zone upon staining with methylene blue dye. A strong zone of clearing was seen at a position corresponding to the SLT domain, and only a weak zone of clearing was evident at a position corresponding to the SLT E573A mutant (Fig. 4A, upper) , despite the fact that gels were loaded with comparable amounts of the native and mutant domains (Fig. 4A, lower) . We also detected a weak zone of clearing at a position predicted for the LytM domain (Fig. 4A, upper, white arrow) on the basis of expected molecular size (Fig. 5) . In several repetitions of these assays, we detected weak zones of clearing in lanes loaded with eluate containing the EC region, either at a position similar to that of the LytM domain (Fig. 4A, upper, white arrow) or of ϳ45-kDa in size (data not shown), both likely corresponding to degraded forms of the EC fragment. We were unable to detect clearing in the gels at positions of the native or mutant CHAP domains despite the fact that both domains were highly enriched by IMAC (Fig. 4A and B) .
To further test for PG hydrolase activity in vitro, we assayed for release of fluorescently labeled PG originally obtained from M. lysodeikticus cells. As shown in Fig. 4B , the native SLT domain hydrolyzed PG; in contrast, the SLT E573A variant, LytM or CHAP domain, or the EC region did not exhibit detectable levels of activity in this assay. Thus, the SLT domain is a catalytically active cell wall hydrolase, but our data are inconclusive for the LytM and CHAP domains.
The three hydrolase domains bind PG in vitro. Despite the absence of detectable hydrolase activities with the LytM and CHAP domains, results of our in vivo studies clearly established that both of these domains disrupt E. coli growth and contribute to cell rounding and hypoosmotic sensitivity when cosynthesized with the SLT domain ( Fig. 2 and 3 ). Thus, we tested for PG binding activity of these domains in vitro using PG purified from M. luteus. As a negative control, we also assayed for PG binding activity of a His-tagged soluble domain of the PcfC coupling protein (His-PcfC⌬N103) (29) . The LytM, SLT, and CHAP domains, but not His-PcfC⌬N103, fractionated with PG in cosedimentation assays (Fig. 5) . Interestingly, the LytM domain was detected exclusively in the PG fraction, suggestive of high-affinity binding. Appreciable amounts of the SLT and CHAP domains also cosedimented with PG. We also detected higher-molecular-mass forms of the SLT and CHAP domains migrating at positions, consistent with possible dimer forms of these domains. The catalyticsite variants of these domains migrated exclusively as predicted monomers, but both mutant domains retained PG-binding activity. Finally, we detected an immunoreactive PG-binding species in the reaction mixture containing the EC region, which, on the basis of its apparent molecular size (ϳ45 kDa), might consist of the His-LytM/SLT fragment (Fig. 5) .
Heterologous hydrolase genes complement the ⌬prgK mutation. As mentioned earlier, for some Gram-negative bacterial T4SSs, heterologous hydrolases have been shown to functionally substitute for the endogenous hydrolase. We assayed for heterologous complementation of the ⌬prgK mutation by trans-expression of three hydrolase genes associated with Gram-positive conjugation systems, csiA ICELlMG1363 , traG pIP501 , and orf14 Tn925 , which is identical to orf14 Tn916 ( Fig. 6 ; also see Fig. S1 in the supplemental material). Donor cells producing the heterologous hydrolases failed to transfer pCF10⌬prgK at detectable levels in liquid mat- ings. Interestingly, however, these donor cells transferred the plasmid in filter matings, albeit at levels (ϳ10 Ϫ5 to 10 Ϫ6 Tc's/D) considerably lower than those observed with cells trans-expressing wild-type prgK (ϳ10 Ϫ1 Tc's/D). These findings establish that PrgK is essential for T4SS-mediated DNA transfer in liquid, whereas heterologous hydrolases can functionally substitute for PrgK upon packing of donor and recipient cells on solid surfaces.
DISCUSSION
We have shown that PrgK is a murein hydrolase required for conjugative transfer of the pheromone-responsive plasmid pCF10 in E. faecalis. In Firmicutes, hydrolases often are composed of two or more PG-binding or catalytic domains, a feature thought to be important for ensuring regulatory control of the complex events surrounding metabolism of the thick cell wall (47, 48) . The T4SS-associated hydrolases in G ϩ bacteria also possess multidomain architectures, in this case probably for coordinating ear-stage reactions associated with morphogenesis of the translocation channel (5). These hydrolases can be grouped into two subfamilies, the two-domain hydrolases represented by TraG pIP501 (20) , CwlT ICEBs1 (18) , and Orf14 Tn916 (5) and the three-domain hydrolases represented by PrgK, CsiA ICELlMG1363 (25) , and VirB1 PAISs89K (49) (see Fig. S1 in the supplemental material). Why two subfamilies of T4SS-associated hydrolases exist in G ϩ species is not immediately evident, especially because here we have shown that only two of the three domains in any combination suffice for near-wild-type PrgK function in E. faecalis (Fig. 1) . Even more strikingly, we discovered that PrgK variants with only one putative hydrolase domain supported pCF10 transfer at detectable levels ( Fig. 1) , as did heterologous two-or three-domain hydrolases as- sociated with other G ϩ bacterial T4SSs (Fig. 6 ). Despite the essentiality of PrgK, evidently there is considerable flexibility with respect to the PG-binding or degradation activities required for assembly of a functional Prg/Pcf T4SS.
Our studies supplied important insights into the contributions of the LytM, SLT, and CHAP domains to machine biogenesis. With respect to the LytM domain, we were unable to detect PG hydrolase activity (Fig. 4) , but LytM strongly bound PG (Fig. 5) and also conferred strong phenotypes in E. coli consistent with effects on cell wall modeling, e.g., cell growth suppression and formation of enlarged rod-shaped cells with rough edges (Fig. 2) . Perhaps most intriguingly, we found that E. faecalis donor cells producing the PrgK-LytM truncation mutant failed to transfer pCF10 at detectable levels, whereas the isogenic donors producing 3ϫ FLAG-PrgK-LytM elaborated a T4SS, albeit with attenuated function, as evidenced by a low level of plasmid transfer in filter matings (Fig. 1B and C) . In view of the wild-type activity of 3ϫ FLAG-PrgK and detectable activities of 3ϫ FLAG-PrgK-LytM and 3ϫ FLAG-PrgK⌬2-170 (Fig. 1C) , we suspect that our inability to detect the tagged variants immunologically is due not to instability of the tagged proteins but rather to proteolytic cleavage at or near the tag junction. Regardless, the finding that 3ϫ FLAG-LytM supports assembly of a functional T4SS argues strongly that the LytM domain can, in a specific context, supply a requisite activity for machine assembly. The 3ϫ FLAG tag might stabilize the PrgKLytM mutant or mediate a charge-based protein-protein contact necessary for detectable protein function, and our current studies are examining these possibilities.
Our finding that PrgK-LytM supports a detectable level of machine function is important in view of the fact that the LytM domain is a member of the subfamily of degenerate LytM domains. Active LytM proteins cleave the peptide cross-bridges of the PG cell wall via a reaction requiring Zn 2ϩ binding by His and Asp residues in two conserved motifs, HX 3 D and HxH (where X is any amino acid) (42, 43) . The degenerate LytM proteins lack one or more of the Zn 2ϩ ligands in the active site; therefore, they are catalytically inert. Studies in E. coli and Bacillus subtilis have now shown that degenerate LytM proteins play critical functions as regulators of cell growth and shape or sporulation, respectively. In E. coli, the degenerate LytM proteins EnvC and NlpD bind to and activate partner amidases, thereby stimulating PG hydrolysis to promote cell separation during cell division (50) . During B. subtilis sporulation, the LytM protein SpoIIQ interacts with its partner SpoIIIA to form the core of a channel across the engulfed forespore membranes to allow passage of nutrients from the mother cell into the forespore (51, 52) . In addition to PG-binding activity, therefore, degenerate LytM proteins can form proteinprotein contacts important for regulation of cell wall modeling or membrane channel formation. In this context, PrgK's LytM domain might both bind PG and form intersubunit interactions of importance for Prg/Pcf channel assembly.
The SLT domain bound and hydrolyzed PG in vitro, and as expected, introduction of the E573A catalytic site mutation abolished the hydrolase activity (Fig. 4 and 5) . The finding that both the native and mutant SLT domains strongly disrupted E. coli cell growth and shape determination ( Fig. 2 and 3 ) suggests minimally that this domain exerts its in vivo effects through PG binding. In E. faecalis, however, catalytic activity of the SLT domain also appears to contribute to T4SS assembly, as evidenced by the strongly attenuated plasmid transfer phenotype of the PrgK E573A -producing strain (Fig. 1) .
Results of our studies of the PrgK SLT domain have broader importance in view of our discovery that the PrgK homolog, CsiA ICELIMG1363 , also possesses an SLT domain (see Fig. S1A and B in the supplemental material). Previously, CsiA was shown to carry a C-terminal CHAP domain, as well as an 89-residue highly conserved domain (HCD), that, through mutational analysis, was shown to be essential for protein function (25) . Evidence was presented that the HCD mediates localized lysis of L. lactis cells upon CsiA overproduction and also binds the peptidyl-D-Ala-D-Ala extremity of a PG precursor substrate. The latter binding reaction inhibited a PBP transpeptidase reaction in vitro, prompting a general model that CsiA promotes assembly of the ICE-encoded T4SS by inhibiting PG synthesis at the site of machine assembly (25, 53) . Here, however, we determined that the HCD domain in fact is part of a larger SLT structural fold. Furthermore, we note that two CsiA mutations, K576A and R577A, phenocopied PrgK E573A in blocking T4SS function in liquid matings, and that both of the mutated residues are located near the predicted active-site residue Glu570, which aligns with Glu573 in PrgK (see Fig. S1 and B). These observations and results of our PrgK characterization suggest that the CsiA SLT domain in fact is catalytic and most probably binds the peptidyl-D-Ala-D-Ala moiety in vitro through relaxed substrate specificity. Thus, we propose that CsiA functions similarly to PrgK in mediating T4SS assembly through PG-binding and PG degradation activities of its LytM, SLT, and CHAP domains.
Regarding PrgK's CHAP domain, our inability to detect hydrolase activity in vitro (Fig. 4 and 5 ) might be due to release of PG fragments too small for detection by zymography or the fluorescent PG release assay. Consistent with this possibility, elsewhere it has been shown that CHAP-domain proteins hydrolyze diverse PG substrates that contain a gamma-glutamyl moiety but vary with respect to the specific amide bonds cleaved (46, 54) . In E. faecalis, PrgK C766A/H828A and PrgK E573A , but not PrgK C766A/H828A/H828A, supported pCF10 transfer, providing genetic evidence that catalytically active forms of both the SLT and CHAP domains are important for PrgK function in vivo. The CHAP domains of two recently characterized hydrolases associated with G ϩ bacterial T4SSs, CwlT, encoded by B. subtilis ICEBs1 (18) , and TraG, encoded by S. agalactiae pIP501 (20) , were reported to exhibit hydrolase activity. The CwlT CHAP domain exhibited DL-endopeptidase activity, as detected by mass spectrometry (18) , and TraG's CHAP domain was reported to have a low level of hydrolase activity on the basis of solubilization of L-[ 3 H]lysine-labeled PG (20) . These findings, coupled with our demonstration that traG pIP501 partially complemented the ⌬prgK mutation (Fig. 6 ), point to a general role for catalytically active forms of CHAP domains in assembly of G ϩ bacterial T4SSs. Finally, we think that it is biologically relevant that donor cells producing 3ϫ FLAG-PrgK-LytM, PrgK E573A , or PrgK-SLT, as well as cells producing CsiA ICELlMG1363 , Orf14 Tn925 , or TraG pIP501 , transferred pCF10 only in filter matings ( Fig. 1 and 6 ). Under these mating conditions, donor and recipient cells are packed on a solid surface, which favors establishment of direct cell-cell contacts. In contrast, efficient mating in liquid requires initial formation of a distant or loose donor-recipient contact that is subsequently converted to a tight mating junction that is refractory to mechanical disruption. In G Ϫ bacteria, conjugative pili such as the E. coli F plasmid-encoded pilus initiate distant cell-cell contacts in liquid media, and then through pilus retraction cells are brought together into tight apposition (55, 56, 57) . The G ϩ bacteria lack conjugative pili and likely have evolved alternative mechanisms for initiating distant donor-recipient cell contacts in aqueous environments (5, 58) . It is interesting that most specialized hydrolases associated with T4SSs in G ϩ species have a CHAP domain at their C terminus (5), and here we showed that the PrgK-CHAP mutant was the only single-domain variant that supported plasmid transfer in liquid matings. In future studies, it will be interesting to determine whether the multidomain hydrolases, and specifically the CHAP domains, participate not only in channel biogenesis but also in initiation or stabilization of donor-recipient cell contacts.
In sum, we have shown that PrgK is essential for biogenesis of the Prg/Pcf T4SS. Similar findings were reported for CsiA ICELlMG1363 (25) and TraG pIP501 (20) , whereas the S. suis PAI and C. perfringens pCW3 encode functional T4SSs even in the absence of VirB1 PAISs89K (49, 59) and TcpG pCW3 (19) , respectively. The underlying factors governing the importance of specialized hydrolases for biogenesis of cognate T4SSs in both G Ϫ and G ϩ bacteria remain unknown, but in the case of E. faecalis pCF10 it is interesting that the prg and pcf genes are highly induced in response to donor cell perception of recipient-produced pheromone. Within 15 min of pheromone induction, the Prg and Pcf subunits build the T4SS, which then mediates very high plasmid transfer frequencies in both solid-surface and liquid matings (24) . The essentiality of PrgK might be attributed to a requirement for abundant PG hydrolase activity within this brief kinetic burst of channel assembly.
